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Abstract 
Corrosion of steel in concrete elements is a major issue in concrete structures. In order to overcome this matter, Glass Fiber 
Reinforced Polymer (GFRP) reinforcement is being used in concrete members from almost 20 years ago. Although it has 
been used and developed in recent years, there are still some uncertainties for the application of FRP reinforcement, 
especially in concrete columns.  Most codes such as ACI, CSA, JSCE & etc. neglects the effect of these reinforcements or 
they do not permit them in compressive concrete elements. In this essay, it has been shown that these rebar can contribute 
significantly in compressive strength of concrete columns if the column confinement is provided sufficiently. In order to 
achieve the required confinement to reach a sharp contribution of GFRP longitudinal rebar in concrete columns, the spiral 
of FRP rebar with small pitches around longitudinal rebar is taken into account. This leads to higher strains of concrete 
which can result in a higher contribution of FRP longitudinal rebar. Foremost, equations related to the compressive strength 
of concrete columns considering the influence of spiral confinement will be carried out. Then, a parametric study will be 
performed, and the effects of pitch, concrete strength, column diameter, the quantity of longitudinal rebar and concrete 
cover will be investigated. 
Keywords: GFRP Rebar; Confinement; Circular Concrete Column; FEM; Parametric Study. 
 
1. Introduction 
Reinforced concrete columns, as members of a structure which carry loads of structures, mainly compressive, are 
the most important members in terms of performance and the stability of concrete structures. Formerly, these columns 
were reinforced, only with steel reinforcements. But if these columns were placed in corrosive environments such as 
marine environments, the result would be the corrosion of steel reinforcements that eventually can destroy the structure. 
In general, corrosion of steel reinforcement is the most important factor in determining the life expectancy of concrete 
structures. The process of repairing structures is one of the most costly matters; therefore, in some cases, approximately, 
the repair and renovation of a concrete structure can cost twice the initial construction price of the structure. In Canada 
and the United States, billions of dollars are spent annually on the repair, renovation, and maintenance of bridges and 
marine structures. Governments and industrial units are looking for suitable infrastructure systems to provide more 
durable and more corrosion-resistant structures in order to allocate fewer funds for maintenance and repair of these 
structures. Regarding this, engineers around the world are looking for new and cost-effective products along with 
innovative approaches and systems to solve these issues. As a result, in order to meet these objectives and improve the 
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performance of concrete structures, a replacement was introduced as steel rebar for the reinforcement of concrete, called 
FRP reinforcement.  
The Glass Fiber Reinforced Polymer (GFRP) rebar is the most commonly used rebar among FRP reinforcement, 
mainly due to its low price in comparison with other types of FRB rebar, such as CFRP and AFRP.  The contribution of 
GFRP reinforcement in compressive strength of columns is still unclear and requires supplementary evidence to endorse 
its performance. At the ultimate concrete crushing strain (around 0.003), the GFRP rebar can attain only a small portion 
of its ultimate strength, due to its higher ultimate compressive strain (around 0.01) and its linear behaviour. In this paper, 
it has been tried to increase the ultimate concrete crushing strain by increasing the confinement of concrete, in order to 
enhance the contribution of GFRP rebar in compressive strength of columns. This could lead counting on GFRP 
longitudinal rebar strength on compressive behaviour of concrete columns, in spite of neglecting them, which is currently 
recommended by many design codes.  
1. Background 
In the past few years, a lot of research has been done on the use of FRP composites in structures. Composite FRP 
materials are used as internal and external reinforcing elements of concrete. The use of FRP reinforcement in concrete 
columns still faces uncertainties, therefore the use of this type of rebar in the report of the 440.1R Committee of ACI in 
2006 [1] in columns and compression members due to lack of sufficient research is prohibited. However, by doing some 
research over the past years on the behaviour of concrete pressure members with FRP reinforcement, the use of these 
reinforcements in newer regulations, such as the report no. 40 of “fib” namely, FRP Reinforcement in RC Structures [2] 
and the ACI Committee's 440.1R report in 2015, these reports still have not allowed counting on the effect of FRP 
reinforcements on compression elements, and they neglect these rebar. The reason for this can be cited in three factors: 
1: There is a few number of research in this field. 2: Low resistance and deficiency of this type of reinforcement in 
compression. 3: The lower contribution of this reinforcement to compression due to the low modulus of compression 
elasticity of these rebar, compared to steel reinforcements. In this research, we are going to increase the contribution 
proportion of FRP rebar in compressive concrete members with a circular section using the confinement effect of FRP 
rebar spirals.  
Heretofore, little research has been done on the behaviour of reinforced concrete columns with FRP reinforcements. In 
2012, Tobbi et al. carried out experiments on eight concrete square columns of 350 mm dimension, reinforced with steel 
rebar and GFRP, and examined the effects of the arrangement and spacing of transverse rebar. All samples had a constant 
ratio of longitudinal rebar (1.9%). Two of the samples had steel rebar, and five had a GFRP rebar, and there was a 
sample without any reinforcement. Figure 1 shows the dimensions and properties of Tobbi’s tests. By analysing and 
comparing results with the ACI and CSA Canadian codes, the researchers (Tobbi et al. 2012) reached the following 
results [3]: 
 The early crushing of concrete cover reduces the axial capacity before any enclosing effect occurs. After the 
concrete cover was completely crushed, there was a significant increase in strength, ductility, and stiffness for the 
core of the concrete in highly confined specimens. These observations suggest that only the effect of the concrete 
core can be used in the compression calculations of the columns unless special arrangements are made to prevent 
the segregation of the concrete cover. 
 Examining the type of cross-sectional reinforcement and their spacing showed the positive effect of GFRP 
reinforcement as transverse reinforcement in increasing the strength, ductility, and stiffness of the concrete core. 
It was also shown that if the spacing of the transverse reinforcements declines, the effect of the enclosure will 
increase and it will prevent the buckling of the longitudinal reinforcements. In these experiments, reducing the 
spacing of transverse reinforcements from 120 mm to 80 mm increased the axial capacity of the column by more 
than 20%. 
 The 0.85 reduction factor, mentioned in concrete columns for steel reinforcement accepted by different regulations 
can also be used for GFRP reinforcements. 
 GFRP reinforcements have about 10% proportion of the whole load axial strength of the column, which is 
approximately equal to the proportion of steel reinforcements (about 12%). This indicates that GFRP 
reinforcements have an effective contribution to pressure, provided they are properly enclosed to prevent buckling 
of reinforcement [3]. 
 





Figure 1. Various transverse rebar configurations and dimensions of Tobbi et al. experiments [3] 
In 2013, Afifi studied for the experimental study of the axial behaviour of concrete columns with a circular cross-
section, reinforced with GFRP and CFRP reinforcements. He tested a total of 27 circular concrete columns of 300 
millimeters diameter. He categorized his samples into three groups. The first group consists of three samples, one of 
which is a simple concrete (without any reinforcement), and two other with steel reinforcements. The second group 
consists of 12 concrete columns reinforced with the GFRP longitudinal and transverse reinforcement, and the third group 
is identical to the second group, except that the type of reinforcement has changed from GFRP to CFRP. In these 
experiments, various parameters such as the type of reinforcement, the longitudinal reinforcement ratio, the volumetric 
spiral reinforcement ratio, the diameter of the reinforcement, the distance between the spirals, the arrangement of the 
transverse reinforcements, and the length of the ties’ overlap were investigated. Figure 2 shows the overall view of the 
samples tested and some of its properties [4]. 
 
Figure 2. Overall view of Afifi’s (2013) samples [4] 
Some of the results of experiments conducted by Afifi (2013) can be summarized as follows: 
 FRP reinforcements are effective in tolerating compressive axial stresses even after the crushing of concrete. GFRP 
reinforcements make up 8% of concrete capacity on average. This value is 13% for CFRP reinforcements and 15% 
for steel reinforcements. 




 The reinforced samples of the GFRP rebar have an average capacity of 7% lower than the reinforced samples to the 
steel rebar, while the columns with CFRP rebar have an average capacity of 5% lower in comparison with the same 
columns reinforced with steel rebar.  
 The use of GFRP and CFRP rebar as transverse reinforcements, according to the provisions of CSA S806-12, 
provides sufficient buckling restraint against longitudinal reinforcements and provides proper confinement in 
concrete at post-peak stages. 
 The study concludes that neglecting the effect of longitudinal FRP reinforcements in Canadian code (CAN/CSA 
S806-12) underestimates the capacity of concrete column capacity. 
 The GFRP and CFRP rebar in these experiments reached up to 75% of their ultimate compressive strain, indicating 
the effectiveness of these rebar in bearing pressures, even after the failure of concrete [4]. 
Hadhood et al. (2017) and Salah-Eldin et al. (2019) performed some experimental tests on circular and square high-
strength concrete columns with GFRP longitudinal and transverse rebar. They concluded that GFRP rebar can contribute 
on concrete strength and stiffness, similar to steel-reinforced columns in some cases [5, 6].  
2. Tensile Behaviour of FRP Rebar 
There is no plastic behaviour, even up to failure in FRP reinforcements, when a tensile force is applied to them, and 
they show a totally elastic behaviour. Consequently, there is no specific yield point for these rebar.    
3. Compressive Behaviour of FRP Rebar 
The experiments performed by Wu (1990) on the compressive behaviour of FRP reinforcement with a low ratio of 
length to diameter showed that the compressive strength of this reinforcement was less than its tensile strength. The 
compressive strength of FRP reinforcements for all types of GFRP, CFRP, and AFRP has been reported to be 55, 78 and 
20%, respectively, of their tensile strength. Also, similar results are obtained for the modulus of compression elasticity 
of these types of reinforcements. According to the research, experiments, and reports, the modulus of elasticity of the 
FRP reinforcement in compression for the GFRP, CFRP and AFRP types is reported to be 80, 85 and 100%, respectively, 
of the elasticity modulus in tension [7, 8].  
4. Confined Concrete Behaviour 
The behaviour of the confined concrete was first investigated experimentally in 1928 by Richart et al. The purpose 
of this experiment was to determine the effect of stress tolerance of concrete in one direction, in the presence of stress 
in other directions. They concluded that the presence of confinement stresses in the lateral directions, can increase the 
strength of the concrete in the longitudinal direction, and in a constant quantity of lateral stresses, this increase was 
approximately constant and did not correlate with the concrete mixtures. In Figure 3, the effect of the lateral confinement 
pressure on the stress-strain diagram of concrete is shown [9]. 
 
Figure 3. The effect of confinement pressure on stress-strain behaviour of concrete [9] 




Mander et al. (1988) developed a stress-strain model for concrete elements under uniaxial compressive stress and 
confined by transverse rebar. They proposed equations for predicting the behaviour of concrete members confined by 
transverse rebar such as spirals or ties. These equations are used in this research to predict the behaviour of concrete 
columns reinforced with GFRP rebar. Figure 4 shows the proposed stress-strain model of confined and unconfined 
concrete [10].  
 
Figure 4. Proposed stress-strain model for confined and unconfined concrete by Mander et al. (1988) [10] 
 
According to Mander et al. (1988), the confined compressive strength of the concrete column can be calculated by 
Equation 1 [10].  
𝑓𝑐𝑐
′ = 𝑓𝑐𝑜
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Where f’l is the effective lateral confining stress from spirals given by Equation 2: 
𝑓𝑙
′ = 𝑓𝑙𝑘𝑒                                                          (2) 
Where fl is the lateral pressure from the transverse reinforcement and 𝑘𝑒 is confinement effectiveness coefficient. 
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In Equations 3 and 4, the definition of used parameters are as below and also shown in Figure 5:  
 𝜌𝑠: Ratio of the volume of transverse confining steel to the volume of confined concrete core; 
𝑓𝑦ℎ: Yield strength of the transverse rebar; 
𝐴𝑠𝑝: Area of transverse rebar; 
𝑠: Center to center spacing of spiral rebar; 
𝐴𝑒: The area of an effectively confined concrete core at midway between the levels of transverse reinforcement; 
𝐴𝑐𝑐: The area of concrete core. 
Also, the maximum confined concrete strain can be calculated according to Equation 5 [10]. 
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Figure 5. Effectively confined core for spiral transverse rebar by Mander et al. (1988) [10] 
5. Parametric Analysis 
In this research, the effect of spirals on the contribution of longitudinal GFRP rebar will be investigated on circular 
concrete columns based on Equations 1 to 5. The GFRP rebar material properties are considered as shown in Table 1.  







 𝒇𝒇𝒖𝒕 (MPa) 𝜺𝒇𝒖𝒕 𝑬𝒇𝒖𝒕 (MPa) 
GFRP rebar 0.8 0.55 627 0.014 44785 
 
In Table 1, 𝐸𝑓𝑢𝑐 and 𝐸𝑓𝑢𝑡 are the compressive and tensile elasticity modulus of GFRP rebar, respectively. Also,  𝑓𝑓𝑢𝑐 
and 𝑓𝑓𝑢𝑡 are the compressive and tensile strengths of GFRP rebar, respectively. The parameter,𝜀𝑓𝑢𝑡 is referred to the 
tensile ultimate strain of GFRP rebar. The parameters that are considered in this research are spiral pitch (center-to-
center spacing of spirals), concrete strength, column diameter, the quantity of longitudinal rebar and the clear cover of 
concrete. 
The contribution percentage of GFRP rebar in compressive strength of circular concrete columns (“CP” parameter) is 




× 100                     (6) 
Where P0 is the ultimate compressive strength of concrete column without any reinforcement (for the sole concrete) and 
is calculated according to Equation 7.  
𝑃0 = 0.85 × 𝑓′𝑐𝑜 × (
𝜋
4
𝐷2)                                   (7) 
Also, P1 is the ultimate compressive strength of concrete column with the GFRP rebar and with the effect of confinement 
of spirals. P1 is calculated according to Equation 8. 
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The procedure of calculating the contribution percentage of GFRP rebar in compressive strength of circular concrete 
columns, and how confinement can increase it, is shown in Figure 6. 




























Figure 6. The flowchart for calculating the contribution percentage of GFRP rebar in compressive strength of circular 
concrete columns 
The base sample model is considered as a 500 mm diameter circular column with 50 mm concrete cover (from the 
outermost edge of concrete to the center of spiral rebar). The diameter of the GFRP spiral is considered 8 mm with a 
pitch spacing of 100 mm and a total number of 6 longitudinal GFRP rebar with a 25 mm diameter is considered. The 
concrete strength for the base model is also assumed 35 MPa. For the parametric study, the parameters are changed with 
respect to this base model. For instance, for investigating the effect of spiral pitch spacing on the contribution percentage 
of GFRP longitudinal rebar in compressive strength of the column, this parameter (spiral pitch spacing) is altered from 
50 mm to 250 mm, and other parameters have remained unchanged with respect to the base model.   
Figure 7 shows the influence of spiral pitch and concrete strength on contribution percentage (CP) of GFRP 
longitudinal rebar in the compressive strength of the concrete column. According to this figure, spiral pitch spacing has 
a considerable effect on the contribution of GFRP rebar. By increasing the spiral pitch spacing from 50 mm to 250 mm, 
the GFRP rebar contribution percentage decreased from 37.8% to 5.0%. Reducing the spiral pith spacing increases the 
confinement of the concrete column, which leads to raising the percentage of contribution of longitudinal rebar because 
these rebar can experience higher strains and consequently higher stresses and forces. Moreover, according to Figure 7, 
it can be concluded that increasing the concrete strength (f’c) will slightly reduce the contribution of GFRP longitudinal 
rebar in the axial capacity of columns. This is because as the f’c increases, the confinement effect will be limited. 
 





Figure 7. Spiral Pitch and Concrete Strength Effect on Contribution Percentage of GFRP Longitudinal Rebar in 
Compressive Strength of Column 
Figure 8 shows the effect of concrete cross-section diameter on contribution percentage (CP) of GFRP longitudinal 
rebar in the compressive strength of the concrete column. According to this figure, the diameter of the column has a 
substantial influence on the contribution of GFRP rebar, such that the more dimension of column diameter, the less the 
contribution percentage of GFRP longitudinal rebar. By increasing column diameter from 250 mm to 1000 mm, the 
GFRP rebar contribution percentage reduced from 43.0% to 9.8%. 
 
Figure 8. Column Diameter Effect on Contribution Percentage of GFRP Longitudinal Rebar in Compressive Strength of 
Column 
Figure 9 shows the effect of quantity of longitudinal GFRP rebar on contribution percentage (CP) of GFRP 
longitudinal rebar in the compressive strength of the concrete column. According to this figure, as the quantity of 
longitudinal GFRP rebar increases, the contribution of GFRP rebar will be increased gradually and linearly. Therefore, 
increasing the longitudinal rebar from 1000 mm2 (which is almost equivalent to 0.5% of column gross section) to 4000 
mm2 (which is almost equivalent to 2.0% of column gross section) can alter the CP factor from about 13.4% to 19.7%. 
The reason for this is increasing in the area of longitudinal rebar in comparison with the gross cross-sectional area of the 














































Figure 9. Quantity of Longitudinal Rebar Effect on Contribution Percentage of GFRP Longitudinal Rebar in Compressive 
Strength of Column 
Figure 10 demonstrates the effect of concrete cover dimension on contribution percentage (CP) of GFRP longitudinal 
rebar in the compressive strength of the concrete column. According to this figure, the concrete cover parameter changed 
from 25 mm to 100 mm which is a typical range among members in various real structures. The contribution of GFRP 
rebar will be declined gradually and almost linearly as the concrete cover increased. However, the change in the CP 
factor is about 5.4% (from about 19.4% to 14.0%) as concrete cover rise from 25 mm to 100 mm. This is because of the 
reduction in the confinement area of the concrete column as the concrete cover increases, which yields a lower 
contribution.    
 
Figure 10. Concrete Cover Effect on Contribution Percentage of GFRP Longitudinal Rebar in Compressive Strength of 
Column 
Figure 11 shows the effect of transverse rebar diameter on contribution percentage (CP) of GFRP longitudinal rebar 
in the compressive strength of the concrete column. According to this figure, as the size (diameter) of transverse rebar 
increased from 6 mm to 14 mm, the contribution of GFRP rebar will be increased significantly. This is because of the 






































Figure 11. Size of Transverse Rebar on Contribution Percentage of GFRP Longitudinal Rebar in Compressive Strength of 
Column 
6. Verification 
In order to verify the results in the previous section, firstly, a numerical Finite Element Method (FEM) model using 
ABAQUS software was created based on Afifi’s (2013) experimental test, and the results are verified. This step was 
performed to verify the results of the ABAQUS software. Afterward, another numerical finite element model based on 
the base model as defined previously was created to verify the results given in the previous section of this research.   
In the ABAQUS model, the loading is applied through a rigid plate in the top of the column, monotonically, in order 
to avoid stress concentration on the main column and distribute the compressive force on the total area of the column. 
The mesh elements used in the numerical model is of 3-dimensional 8-node hexahedral elements with reduced integration 
(C3D8R) for concrete parts and 3-dimensional 2-node truss with reduced integration (T3D2) for GFRP rebar parts. Amiri 
et al. showed that these elements are proper for non-linear static and dynamic analysis and they follow the constitutive 
law of integration [11]. Also, the concrete material properties is defined in the software, using concrete damaged 
plasticity model, with dilation angle () of 40o, shape factor for yield surface (K) of 0.72 and ratio of initial equi-biaxial 
compressive yield stress to initial uniaxial compressive yield stress (fb0/fc') of 1.15 [12-16]. 
For the first stage, the model named “G8V-3H80’’ by Afifi (2013) is used. This model is a 300 mm diameter circular 
column with 8 No. 15.9 mm longitudinal GFRP rebar, and spiral No. 9.5 mm with a pitch of 80 mm. Figure 12 shows 
the 3D-model, which is created exactly the same as Afifi’s (2013)  experimental test model named “G8V-3H80“. 
 
Figure 12. Overall View of Created Model in ABAQUS Software Based on Afifi’s (2013) “G8V-3H80” Experimental Sample 
Figure 13 compares the Load-Strain curve of the analyzed FEM model and the curve obtained from Afifi’s (2013) 
experimental test named “G8V-3H80“. According to this figure, it can be seen that the results are very close, especially 
from the starting point of the curve to the ultimate load level. However, in the post-peak region, there is a modest 
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Figure 13. Comparison of the Load-Axial Strain Curves of Afifi's (2013) experimental Test versus FEM 
Figure 14 demonstrates the ultimate strain of GFRP longitudinal rebar and spiral in the FEM model which is created 
based on Afifi’s (2013) “G8V-3H80” Experimental Sample. 
 
Figure 14. Ultimate Strain of GFRP Spiral and Longitudinal Rebar in the FEM Model Similar to Afifi’s (2013)  “G8V-
3H80” Experimental Sample 
Figure 15 shows the maximum principal plastic strain of concrete in the FEM model which is created based on Afifi’s 
(2013) “G8V-3H80” Experimental Sample. 
 

























In the second stage of verification, another FEM model is created to verify the results which were obtained in the 
earlier stage for the base model. The load-axial strain for this model is shown in Figure 16. According to this figure, the 
ultimate load of FEM model is about 7035 KN which is almost 2.5% higher than the calculated axial capacity based on 
the method presented in the previous section, which is a negligible error. 
 
Figure 16. Load-Axial Strain Curve of FEM Model Similar to Base Model 
2. Conclusions 
In this research, the effect of parameters such as spiral pitch, size of spiral, concrete strength, concrete cover, column 
diameter, and longitudinal rebar area are investigated on the confinement and therefore increase of compressive axial 
capacity of the concrete column reinforced transversally and longitudinally with GFRP rebar. In contrary with various 
codes and standards such as ACI, CSA and JSCE that neglects the contribution of longitudinal GFRP rebar in 
compressive strength of concrete columns, it has been shown that by increasing the confinement of the concrete column 
(for instance by decreasing spiral pitch or concrete cover) the contribution percentage of longitudinal rebar in axial 
compressive strength can be enhanced, even up to 45% in the considered samples. Briefly, the following results can be 
concluded:   
 Spiral pitch, spiral size (diameter) and column diameter are the most influential parameters affecting the 
contribution percentage of GFRP rebar on compressive axial strength of circular concrete columns. 
 Decreasing spiral pitch from 250 mm to 50 mm, increased the contribution percentage (CP) by 32.8% (from 5.0% 
to 37.8%). 
 Increasing spiral diameter size from 6 mm to 14 mm increased the CP parameter by 33.1% (from 11.01% to 44.1%). 
 Declining the column diameter from 1000 mm to 250 mm, increased the CP parameter by 33.2% (from 9.8% to 
43.0%). 
 The parameters, concrete strength, longitudinal rebar area, and concrete cover do not change the CP parameter 
significantly.  
 Declining the concrete cover from 100 mm to 25 mm, increased the CP parameter by 5.4%. 
 Declining the concrete strength from 40 MPa to 30 MPa, increased the CP parameter by 6.4%.  
 Increasing longitudinal rebar area from 1000 mm2 (equivalent to 0.5% of column gross section) to 4000 mm2 
(equivalent to 2.0% of column gross section), increases the CP parameter by 6.3%. 
To conclude, the longitudinal GFRP rebar can considerably contribute to the compressive strength of concrete 
columns by increasing the confinement of the column. In a specific column diameter, decreasing spiral pitch and 
increasing spiral size are the most noticeable parameters in increasing the contribution. Subsequently, design codes’ 
assumption of neglecting the effect of GFRP compressive rebar is conservative and it could be waived, if the 
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